Introduction {#sec1}
============

Biliary tract cancer (BTC) comprises a group of epithelial tumors with cholangiocellular differentiation that has a very poor prognosis compared to other GI cancers.[@bib1] It represents the second most common primary liver malignancy and incidence rates, especially for intrahepatic cholangiocarcinoma (CCA), have constantly risen over the last years.[@bib2]^,^[@bib3] Surgical resection has remained the cornerstone of a curative therapeutic approach, although liver transplantation can be considered for selected patients.[@bib1]^,^[@bib3] If surgical tumor resection is not feasible, chemotherapy with gemcitabine and cisplatin represents the standard of care, resulting in a median overall survival (OS) of 10--12 months.[@bib4], [@bib5], [@bib6] Importantly, the postoperative outcome following BTC resection is very heterogeneous and the majority of successfully resected patients (R~0~ resection) face disease recurrence,[@bib7] resulting in an overall 5-year survival rate of less than 30%.[@bib8], [@bib9], [@bib10] Moreover, while current data suggest a benefit of more aggressive adjuvant treatment regimens in pancreatic cancer, which shares many clinicopathological similarities with BTC,[@bib11] data from lager clinical trials evaluating this concept in patients with BTC are still missing ([NCT02170090](NCT02170090){#intref0010}). Thus, there is a vital need for novel preoperative stratification strategies to enable the identification of the ideal surgical candidates who will particularly benefit from extensive tumor resection.

The soluble urokinase plasminogen activator receptor (suPAR) represents the circulating form of the cell surface receptor uPAR (CD87), which is expressed by a variety of cells including epithelial or immune cells and has key functions in inflammation.[@bib12] SuPAR might also be an interesting circulating biomarker as recently shown for patients with sepsis[@bib13] and cancer.[@bib14], [@bib15], [@bib16] In BTC, preliminary data described a correlation between high tumoral uPAR expression and tumor invasion and metastasis.[@bib17]^,^[@bib18] However, there is insufficient data on a potential role of circulating suPAR as a biomarker in patients with BTC.

In this study, we therefore evaluated a potential role of circulating suPAR as a biomarker in 2 cohorts of patients undergoing BTC resection at our institution between 2011 and 2017.

Patients and methods {#sec2}
====================

Study design and patient characteristics {#sec2.1}
----------------------------------------

This observational cohort study was performed to analyze circulating levels of suPAR and their potential diagnostic and/or prognostic role in patients with BTC undergoing surgical tumor resection. Patients with BTC who were admitted to the Department of Visceral and Transplantation Surgery at University Hospital RWTH Aachen for tumor resection were prospectively recruited in 2 cohorts between 2011 and 2017 and enrolled into this study (training cohort: n = 23 patients, validation cohort: n = 95 patients, see [Table 1](#tbl1){ref-type="table"} and [Table S1](#appsec1){ref-type="sec"} for detailed patient characteristics). Blood samples were collected prior to surgery and 6--7 days after BTC resection, centrifuged for 10 min at 2,000 g, and serum samples were then stored at −80°C until use. The postoperative timepoint of serum collection was determined for the following reason: Several patients with BTC who were enrolled in this study were referred to our tertiary referral center from peripheral hospitals for surgery only. Because these patients are transferred back to the initial healthcare provider shortly after surgery on a regular basis, we had to collect postoperative serum samples at a rather early postoperative timepoint. Diagnosis of BTC was confirmed histologically in the resected tumor sample. As a control population we analyzed a total of 76 (training cohort: n = 10, validation cohort: n = 66) healthy, cancer-free blood donors with normal values for blood counts, C-reactive protein, kidney and liver function as well as a cohort of 11 patients with primary sclerosing cholangitis (PSC) without evidence of malignancy. Postoperative acute kidney injury (AKI) I was defined according to the KDIGO criteria.[@bib19] The study protocol was approved by the ethics committee of the University Hospital RWTH Aachen, Germany (EK 206/09) and conducted in accordance with the ethical standards laid down in the Declaration of Helsinki. Written informed consent was obtained from the patients.Table 1Patient characteristics.Training cohortValidation cohortBTC patients, n2395Gender \[%\]: Male-female73.9--26.152.0--48.0Age \[years, median and range\]65 \[39--80\]68 \[37--84\]BMI \[kg/m^2^, median and range\]23.94 \[20.05--36.73\]26.17 \[18.83--46.36\]Anatomic location of BTC \[%\] Intrahepatic56.538.6 Klatskin43.537.6 Distal--14.9 Gallbladder--8.9Staging \[%\] T1-T2-T3-T430.0-25.0-30.0-15.06.0-39.8-36.1-18.1 N0-N157.9-42.144.2-55.8 M0-M194.1-5.978.6-21.4 G2-G375.0-25.057.1-42.9 R0-R190.0-10.060.3-39.7ECOG PS \[%\] ECOG 040.052.6 ECOG 140.029.2 ECOG 220.08.2Healthy controls, n1066Gender \[%\]: Male-female70-3078.6-21.4Age \[years, median and range\]46 \[20-74\]33 \[19-65\][^1]

Immunohistochemistry of BTC tissue microarray {#sec2.2}
---------------------------------------------

A tissue microarray (TMA) containing 108 cholangiocarcinoma samples was constructed as described previously and then stained for uPAR[@bib20] (see [Table S2](#appsec1){ref-type="sec"} for detailed characteristics). In more detail, 3 μm sections of formalin-fixed, paraffin-embedded tissue were obtained and the PT-Link module pH9, (DAKO, Glostrup, Denmark) was used for antigen retrieval. The primary anti-uPA Receptor antibody (1:1000, ab218106, Cambridge, UK) was incubated for 60 min at RT. Visualization was performed using Envision Flex kit (DAKO) according to the manufacturer\'s instructions. After counterstain with haematoxylin, sections were dehydrated and cover slipped. Staining was assessed using the immunoreactive score as described previously.[@bib21]

Evaluation of suPAR serum levels {#sec2.3}
--------------------------------

Serum levels of suPAR were analyzed by a commercial ELISA according to the manufacturer\'s instructions (Nr. A001, suPARnostic, ViroGates, Birkerød, Denmark). Standard laboratory parameters were measured in the laboratory center at University Hospital RWTH Aachen.

Evaluation of cytokine serum levels {#sec2.4}
-----------------------------------

Serum levels of IL-1β, IL-8, TNF-α, CCL3, CXCL5 and CX3CL1 were measured by multiplex immunoassay according to the manufacture\'s instruction using a Bio-Plex 200 system and Bio-Plex Manager 6.0 software (Bio-Plex Pro Human Chemokine Panel, \#171AK99MR2, Bio Rad, Hercules, CA, USA).

Statistical analysis {#sec2.5}
--------------------

Serum data are displayed as median and range. Shapiro-Wilk-Test was used to test for normal distribution. Non-parametric data were compared using the Mann-Whitney *U* test or the Kruskal-Wallis-Test for multiple group comparisons. Related samples were compared using the Wilcoxon signed-rank test. Correlation analyses were performed using the Spearman\'s correlation coefficient. Box plot graphics display the median, quartiles and ranges. We generated ROC curves by plotting the sensitivity against 1-specificity. Optimal cut-off values for ROC curves were calculated with the Youden-index method (YI = sensitivity + specificity - 1). The predictive value of circulating suPAR for the prediction of AKI was analyzed with a binary logistic regression model. The odds ratio (OR) and the 95% CI are shown. Kaplan-Meier curves display the impact of a specific parameter on the OS. The Log-rank test was used to test for statistical differences between subgroups. The ideal cut-off value for the identification of patients with an impaired OS was calculated using biometric software, which fits Cox proportional hazard models to the dichotomized survival status as well as survival time and defines the optimal cut-off as the point with the most significant split in the log-rank test.[@bib22] The prognostic value of variables was further tested by uni- and multivariate Cox-regression analyses. Parameters with a *p* value of \<0.250 in univariate testing were included into multivariate testing. The hazard ratio (HR) and the 95% CI are displayed. All statistical analyses were performed with SPSS 23 (SPSS, Chicago, IL, USA).[@bib13] A *p* value of \<0.05 was considered statistically significant (\**p* \<0.05; \*\**p* \<0.01; \*\*\**p* \<0.001).

Results {#sec3}
=======

High tumoral uPAR expression is associated with poor prognosis in resectable BTC {#sec3.1}
--------------------------------------------------------------------------------

The cell surface receptor uPAR (CD87) represents a key mediator of inflammation and tumorigenesis and is associated with distinct pro-malignant characteristics including tumor cell migration, invasiveness and angiogenesis.[@bib23]^,^[@bib24] We first evaluated tumoral expression levels of uPAR in 108 BTC tissue samples by immunohistochemistry (IHC, see [Table S2](#appsec1){ref-type="sec"} for detailed characteristics). While normal liver tissue samples (n = 108) showed no relevant uPAR expression in hepatocytes or bile duct cells ([Fig. 1](#fig1){ref-type="fig"}A, upper panel), we observed a positive uPAR immunoreactive score (IRS) of ≥1 in 79.7% of BTC samples with uPAR being expressed in tumor, immune and stromal cells ([Fig. 1](#fig1){ref-type="fig"}A, lower panel). We divided our cohort of patients into 2 groups based on their uPAR expression level (no relevant uPAR expression \[IRS 0 or 1, n = 49 patients, [Fig. 1](#fig1){ref-type="fig"}A, lower panel, left\] *vs.* relevant uPAR expression \[IRS \>1, n = 59 patients, [Fig. 1](#fig1){ref-type="fig"}A, lower panel, middle and right\]) to evaluate a potential impact of tumoral uPAR expression on patient outcome. Interestingly, Kaplan-Meier curve analysis showed significantly impaired long-term survival for patients with relevant uPAR expression (IRS \>1) compared to patients without relevant uPAR expression (IRS 0 or 1, [Fig. 1](#fig1){ref-type="fig"}B). The median OS was 890 days for patients with an IRS \>1 *vs.* 1,321 days for patients with an IRS of 0 or 1, respectively. Of note, none of the patients with significant uPAR expression (IRS \>1) reached long-term survival beyond 7 years ([Fig. 1](#fig1){ref-type="fig"}B). We finally evaluated if tumoral uPAR expression was associated with different tumor (TNM stage, tumor grading, resection status, perineural, vascular or lymphatic invasion and tumor localization) or patient characteristics (age, sex, BMI, and ECOG performance status). However, uPAR IRS levels were not significantly altered between these subgroups, suggesting that tumoral uPAR was expressed independently of these clinicopathological parameters in our cohort of patients with BTC ([Fig. S1](#appsec1){ref-type="sec"}A-K).Fig. 1Tumor expression of uPAR in biliary tract cancer.(A) Representative images of uPAR expression in BTC tissue samples and normal liver tissue as detected by immunohistochemistry (200× magnification). While normal liver tissue shows no uPAR expression in hepatocytes or bile duct cells (upper panel), we subdivided patients with BTC into a group with no relevant uPAR expression (IRS: 0 or 1, lower panel, left) and a group with relevant uPAR expression (IRS \>1, lower panel, middle and right). (B) Patients with BTC and a tumoral uPAR expression \>1 had significantly impaired long-term survival. BTC, biliary tract cancer; IRS, immunoreactive score; uPAR, urokinase plasminogen activator receptor.

Circulating levels of suPAR are elevated in patients with BTC and predict outcome {#sec3.2}
---------------------------------------------------------------------------------

As tissue-based biomarkers like tumoral uPAR expression level have certain clinical limitations, we analyzed whether suPAR levels in the serum might also reflect patient prognosis. We first compared circulating levels of suPAR between a training cohort of patients with BTC (n = 23), healthy control samples (n = 10) and patients with PSC (n = 11) who showed no evidence of cancer. In this analysis, patients with BTC had significantly elevated serum levels of suPAR compared to both control populations ([Fig. 2](#fig2){ref-type="fig"}A). In a ROC curve analysis, circulating suPAR showed an AUC value of 1.0 which was higher than the standard diagnostic markers carcinoembryonic antigen (CEA, AUC~CEA~: 0.831) and carbohydrate antigen 19-9 (CA19-9, AUC~CA19-9~: 0.894, [Fig. 2](#fig2){ref-type="fig"}B). At the optimal diagnostic cut-off value of 2.14 ng/ml that we established using the Youden-index, circulating suPAR showed a sensitivity and specificity of 100% each to discriminate between patients with BTC and healthy controls. Interestingly, suPAR levels were also significantly elevated in patients with PSC compared to healthy controls, although this analysis was only performed in a small cohort of 11 patients with PSC ([Fig. 2](#fig2){ref-type="fig"}A). Nevertheless, circulating suPAR still had diagnostic potential to discriminate between patients with BTC and PSC, with an AUC of 0.719 ([Fig. 2](#fig2){ref-type="fig"}C). The diagnostic sensitivity and specificity in this setting was 78.3% and 72.7% using an optimal cut-off value of 3.25 ng/ml.Fig. 2Circulating suPAR in patients with biliary tract cancer -- results from the training cohort.(A) Patients with BTC from the training cohort have significantly elevated serum suPAR levels compared to healthy controls and patients with PSC. (B) Circulating suPAR has an AUC value of 1.0 for the discrimination between patients with BTC and healthy controls. (C) suPAR has a diagnostic potential to discriminate between patients with BTC and PSC (AUC: 0.719). (D) Patients with BTC and initial suPAR levels above the 50^th^ percentile show a trend towards an impaired postoperative outcome. (E) At the optimal cut-off value of 3.72 ng/ml, preoperative suPAR serum levels identify patients with BTC who have significantly impaired postoperative overall survival. \**p* \<0.05; \*\**p* \<0.01; \*\*\* *p* \<0.001. BTC, biliary tract cancer; PSC, primary sclerosing cholangitis; suPAR, soluble urokinase plasminogen activator receptor.

Based on this finding, we next hypothesized that preoperative suPAR levels might be indicative of postoperative outcomes, so we compared the OS of patients with high or low suPAR levels using the median suPAR concentration of the training cohort (4.0 ng/ml) as a cut-off value. Interestingly, patients with initial suPAR levels above the 50^th^ percentile showed a trend towards an impaired postoperative outcome (*p* = 0.059, [Fig. 2](#fig2){ref-type="fig"}D). To further increase the prognostic relevance of circulating suPAR, we established an ideal prognostic cut-off value by fitting Cox proportional hazard models to the survival status and time as recently described,[@bib22] which revealed a suPAR concentration of 3.72 ng/ml as an ideal discriminative cut-off value. Patients with BTC and preoperative suPAR levels below 3.72 ng/ml had a significantly better outcome, with a median OS of 1,280 days compared to patients with suPAR levels above the cut-off value who had a median OS of only 326 days ([Fig. 2](#fig2){ref-type="fig"}E). Importantly, no patients with a preoperative suPAR level above the ideal cut-off value of 3.72 ng/ml reached a 5-year OS ([Fig. 2](#fig2){ref-type="fig"}E). In line with this finding, univariate Cox-regression analysis revealed preoperative suPAR serum levels as a prognostic parameter for OS after tumor resection, with an HR of 1.392 (95% CI 1.004--1.929, *p* = 0.047). The patient number in this training cohort was too small to perform multivariate analysis.

Validation of the prognostic relevance of circulating suPAR {#sec3.3}
-----------------------------------------------------------

Based on these promising results of a potential role of circulating suPAR in patients with resectable BTC from our training cohort, we next established a validation cohort of 95 patients with BTC (not including patients from the training cohort) who underwent surgical tumor resection. Like the training cohort, patients with BTC in the validation cohort showed significantly higher initial serum levels of suPAR compared to healthy controls ([Fig. 3](#fig3){ref-type="fig"}A). The median preoperative suPAR level was 4.45 ng/ml in patients with BTC and 1.55 ng/ml in the control group. In the validation cohort, circulating suPAR levels showed an AUC value of 0.969 for the discrimination between patients with BTC and healthy controls ([Fig. 3](#fig3){ref-type="fig"}B), which again was higher than the most commonly used biomarkers CEA (AUC~CEA~: 0.822) and CA19-9 (AUC~CA19-9~: 0.867). Using the optimal diagnostic cut-off value that we established in the training cohort (2.14 ng/ml), circulating suPAR showed a diagnostic sensitivity and specificity of 95.3% and 89.7%, respectively. Importantly, the diagnostic power was highest when we combined serum suPAR and CA19-9 levels, showing and AUC value of 0.988 in ROC curve analysis ([Fig. 3](#fig3){ref-type="fig"}C). The combination of these 2 biomarkers increased the diagnostic sensitivity to 95.3% and the specificity to 94.9%.Fig. 3Serum levels of suPAR are elevated in patients with biliary tract cancer.(A) Patients with BTC (validation cohort) show significantly elevated serum suPAR levels compared to healthy control samples. (B) Circulating suPAR reveals an AUC value of 0.969 regarding the discrimination between patients with BTC and healthy controls. (C) The diagnostic power is highest when combining suPAR and CA19--9 levels. \*\*\**p* \<0.001. BTC, biliary tract cancer; CA19-9, carbohydrate antigen 19-9; suPAR, soluble urokinase plasminogen activator receptor.

We then compared circulating levels of suPAR between patients with different tumor and patient characteristics to evaluate whether suPAR might reflect individual tumor properties or disease stage and to gain further insight into functional regulation mechanisms that are involved in the upregulation of circulating suPAR in patients with BTC. SuPAR serum levels were unaltered between different subtypes of BTC (intrahepatic CCA, Klatskin tumors, distal CCA, and gallbladder carcinoma, [Fig. S2](#appsec1){ref-type="sec"}A) patients with T~1~- to T~4~-tumor stage ([Fig. S2](#appsec1){ref-type="sec"}B), with or without lymph node involvement ([Fig. S2](#appsec1){ref-type="sec"}C) as well as non-metastasized or metastasized patients who were still resectable ([Fig. S2](#appsec1){ref-type="sec"}D). Moreover, initial (pre-surgery) suPAR levels did not differ between patients achieving R~0~ or R~1~ tumor resection status ([Fig. S2](#appsec1){ref-type="sec"}E) or male and female patients ([Fig. S2](#appsec1){ref-type="sec"}F). We did observe significantly elevated levels of circulating suPAR in patients with poorly differentiated BTC (G3) compared to moderately differentiated tumors (G2, [Fig. S2](#appsec1){ref-type="sec"}G). Moreover, we found no significant differences in circulating suPAR between patients with histologically relevant signs of liver inflammation or liver fibrosis (Desmet classification ≥ grade[@bib25]) in the resected non-tumorous liver samples and patients without any signs of chronic liver disease, arguing that preexisting liver damage did not influence circulating suPAR levels ([Fig. S2](#appsec1){ref-type="sec"}H). Although the cohorts for uPAR IHC analysis and suPAR serum analysis were not identical, there was an overlap of 23 individuals between the IHC cohort and the suPAR validation cohort. In this exploratory setting, we compared circulating suPAR levels in patients with relevant (IRS \>1) or irrelevant (IRS 0 or 1) tumoral uPAR expression. Interestingly, we observed a strong trend towards higher suPAR levels in patients with a relevant uPAR expression, though statistical significance was not reached (*p* = 0.082, [Fig. S1](#appsec1){ref-type="sec"}L). Next, we performed correlation analyses between initial suPAR serum levels and standard laboratory parameters of liver function, cholestasis and inflammation to identify further drivers of elevated suPAR levels in our cohort of patients with BTC. Interestingly, we observed a positive correlation between suPAR serum levels and bilirubin, alkaline phosphatase (ALP) and C-reactive protein (CRP) as indicators of cholestasis and inflammation, respectively. Gamma glutamyltransferase (GGT) showed a strong trend towards a positive correlation, but serum alanine aminotransferase (ALT) levels did not, suggesting that cholestasis and cholestasis-driven inflammation but not acute hepatocyte damage may represent a driver of elevated serum suPAR levels before tumor resection ([Table S3](#appsec1){ref-type="sec"}).

We next aimed to validate the prognostic relevance of circulating suPAR that we had established in the training cohort (3.72 ng/ml) in the present validation cohort. In this analysis, the subgroup of patients with serum suPAR concentrations above the ideal prognostic cut-off value showed a significantly impaired OS ([Fig. 4](#fig4){ref-type="fig"}A). The median OS in the high suPAR group was 204 days compared to 703 days for patients with suPAR serum levels below 3.72 ng/ml. To further elaborate the prognostic impact of preoperative suPAR levels on patients\' postoperative outcomes and to exclude potential confounders, we performed uni- and multivariate Cox-regression testing. We included a variety of potential prognostic factors including established tumor markers (CA19-9), markers of systemic inflammation (CRP, leucocyte count) and impaired kidney or liver function (creatinine, aspartate aminotransferase, ALT, GGT, ALP) as well as tumor- and patient-specific characteristics (T-stage, ECOG PS, age, BMI, sex) into univariate analyses ([Table 2](#tbl2){ref-type="table"}). Subsequently, we included parameters with a *p* value \<0.250 in univariate analyses into multivariate Cox-regression analysis which revealed initial suPAR concentrations to be an independent prognostic factor in the context of BTC resection ([Table 2](#tbl2){ref-type="table"}). Finally, we measured serum levels of CXCL5, CX3CL1 and IL-8, representing cytokines with a known pro-malignant function in BTC cancer and other malignancies[@bib26], [@bib27], [@bib28], [@bib29] to gain further information on the association between elevated suPAR levels and impaired outcomes. Importantly, we observed a positive correlation between all 3 cytokines and circulating suPAR levels, suggesting that suPAR might also reflect a pro-malignant tumor biology in patients with BTC ([Table S3](#appsec1){ref-type="sec"}).Fig. 4Elevated levels of circulating suPAR are associated with an impaired overall survival after BTC resection.(A) Patients with BTC (validation cohort) and a preoperative suPAR level above 3.72 ng/ml have significantly impaired overall survival. (B) Postoperative suPAR levels are significantly higher compared to preoperative levels. (C) Postoperative suPAR serum concentrations above the 50^th^ percentile (4.80 ng/ml) are associated with impaired long--term survival. (D) At the ideal cut-off value (4.30 ng/ml), postoperative suPAR levels significantly discriminate between long--term survivors and patients who died early. (E) The individual course of suPAR serum levels before and after surgery does not allow a prediction of overall survival. \*\*\**p* \<0.001. BTC, biliary tract cancer; suPAR, soluble urokinase plasminogen activator receptor.Table 2Uni- and multivariate Cox-regression analyses for the prediction of overall survival.ParameterUnivariate Cox regressionMultivariate Cox regression*p* valueHazard ratio (95% CI)*p* valueHazard ratio (95% CI)suPAR pre--OP\<0.0011.098 (1.047--1.150)0.0411.050 (1.002--1.100)CA19--9\<0.0011.000 (1.000--1.000)0.0221.000 (1.000--1.000)Leukocyte count0.2451.037 (0.975--1.104)0.7700.986 (0.900--1.081)CRP\<0.0011.011 (1.005--1.016)0.1251.007 (0.998--1.017)Platelets0.7311.000 (0.999--1.002)Potassium0.4821.190 (0.773--1.932)AST0.4670.999 (0.998--1.001)ALT0.3550.999 (0.997--1.001)Bilirubin0.6010.983 (0.921--1.049)ALP0.7071.000 (0.999--1.001)GGT0.4711.000 (0.999--1.000)Creatinine0.4111.350 (0.660--2.761)BMI0.3361.021 (0.978--1.067)ECOG PS0.1321.325 (0.919--1.910)0.6491.124 (0.680--1.859)Age0.0211.025 (1.004--1.048)0.2311.018 (0.988--1.049)Sex0.9081.027 (0.658--1.603)T--stage0.0401.429 (1.016--2.010)0.0301.560 (1.045--2.328)[^2]

Postoperative suPAR concentrations predict patient outcomes after tumor resection {#sec3.4}
---------------------------------------------------------------------------------

For 50 patients from the validation cohort, postoperative suPAR levels were available at 1 week after tumor resection. When postoperative suPAR concentrations were compared with the respective preoperative values, we observed a significant increase after tumor resection (mean value: 4.05 ng/ml *vs.* 4.74 ng/ml, *p* = 0.001, [Fig. 4](#fig4){ref-type="fig"}B), possibly related to surgery (trauma)-related inflammation.[@bib30] Again, post-surgery suPAR concentrations did not significantly differ among patients with different TNM stages ([Fig. S3](#appsec1){ref-type="sec"}A-C), male and female patients ([Fig. S3](#appsec1){ref-type="sec"}D) and patients with poorly or moderately differentiated tumors ([Fig. S3](#appsec1){ref-type="sec"}E). However, we observed significantly higher postoperative suPAR levels in patients with residual tumor cells on microscopy (R~1~ status, [Fig. S3](#appsec1){ref-type="sec"}F).

Hypothesizing that suPAR levels after tumor resection might also be indicative of patients\' postoperative outcome, we compared the OS of patients with high or low postoperative suPAR concentrations (above or below the 50^th^ percentile). Interestingly, Kaplan-Meier curve analysis revealed a significantly impaired long-term survival for patients with high postoperative suPAR serum levels ([Fig. 4](#fig4){ref-type="fig"}C). We again defined an optimal prognostic cut-off value for postoperative suPAR levels of 4.3 ng/ml,[@bib22] that further increased the prognostic power of postoperative suPAR concentrations ([Fig. 4](#fig4){ref-type="fig"}D). These results were corroborated by Cox-regression analysis which identified postoperative suPAR levels above 4.30 ng/ml as a negative prognostic factor, with a HR of 2.230 (95% CI 1.134--4.386, *p* = 0.020). Next, we investigated whether the individual course of circulating suPAR before and after surgery was associated with the patients\' OS. However, we observed no significant difference in OS between patients with increasing or decreasing suPAR levels 1 week after tumor resection ([Fig. 4](#fig4){ref-type="fig"}E).

Finally, we aimed at further investigating potential functional drivers of elevated postoperative suPAR levels. Hypothesizing that systemic inflammation might be of relevance in this setting, we measured circulating levels of pro-inflammatory cytokines (IL-1β, TNF-α, CCL3 and IL-8) after tumor resection. Importantly, we observed a strong positive correlation between postoperative suPAR levels and lL-1β, TNF-α, CCL3 and IL-8 serum levels ([Fig. S4](#appsec1){ref-type="sec"}A-D), arguing that systemic inflammation is one of the key drivers of elevated suPAR levels 1 week after BTC resection.

High baseline suPAR serum levels indicate AKI after BTC resection {#sec3.5}
-----------------------------------------------------------------

Circulating suPAR has recently been associated with chronic kidney disease[@bib31] and elevated suPAR serum levels were suggested to predict impaired renal function following open cardiac surgery.[@bib32] Hence, we evaluated if circulating levels of suPAR might be indicative of the occurrence of AKI following tumor resection. According to the current KDIGO guidelines,[@bib19] a total of 28 patients fulfilled the criteria of AKI stage I after tumor resection. Interestingly, these patients displayed significantly elevated baseline levels of circulating suPAR compared to patients with an unimpaired postoperative renal function ([Fig. 5](#fig5){ref-type="fig"}A). In contrast, circulating creatinine levels did not significantly differ between patients with or without postoperative AKI ([Fig. 5](#fig5){ref-type="fig"}B). Preoperative suPAR levels outperformed creatinine (AUC~1/creatinine~: 0.518) for the discrimination between AKI and non-AKI patients in ROC curve analysis, showing an AUC value of 0.699 ([Fig. 5](#fig5){ref-type="fig"}C). At a cut-off value of 4.03 ng/ml, circulating suPAR revealed a diagnostic sensitivity and specificity of 88.9% and 56.8% for the occurrence of postoperative AKI. This finding was corroborated by binary logistic regression analysis that identified initial suPAR (OR 1.340; 1.071--1.676; *p* = 0.010) but not creatinine (OR 1.025; 0.249-4.226; *p* = 0.972) levels as a predictor of postoperative AKI.Fig. 5Initial suPAR serum levels can predict AKI after BTC resection.(A) Initial suPAR serum levels are significantly higher in patients with BTC and postoperative AKI I° when compared to non-AKI patients. (B) Initial serum creatinine levels are unaltered between non-AKI and AKI patients. (C) Initial suPAR levels show a superior AUC value of 0.669 compared to creatinine levels (AUC 0.518) for the discrimination between AKI and non-AKI patients. \*\**p* \<0.01. AKI, acute kidney injury; BTC, biliary tract cancer; suPAR, soluble urokinase plasminogen activator receptor.

Hypothesizing that postoperative AKI might also be a reason for elevated suPAR levels after tumor resection, we finally compared postoperative suPAR levels between patients with and without AKI. Interestingly, this analysis revealed significantly higher postoperative suPAR levels in patients who presented with an impaired renal function after surgery ([Fig. S4](#appsec1){ref-type="sec"}E), suggesting that AKI was also a driver of elevated suPAR levels at day 6 or 7 after tumor resection.

Discussion {#sec4}
==========

BTC represents a rare but highly aggressive type of cancer.[@bib1] Surgical tumor resection is the only available curative treatment option but the long-term outcome of successfully resected patients is often limited due to the high risk of tumor recurrence.[@bib7] Nevertheless, the clinically available tumor markers CEA and CA19-9 are mostly used to monitor tumor response to chemotherapy, and the existing preoperative stratification tools often fail to identify the ideal candidates for a surgical treatment approach.[@bib33]^,^[@bib34] Herein, we showed that serum levels of suPAR are elevated in 2 independent cohorts of patients with BTC who underwent surgical tumor resection compared to patients with PSC and healthy controls. Moreover, our data provided evidence that suPAR serum levels before and after surgery might yield valuable information on the patients\' postoperative outcome. As such, elevated initial suPAR serum levels above a calculated optimal cut-off value (3.72 ng/ml) identified a high-risk subgroup of patients with BTC who had a substantially impaired long-term prognosis, with a median OS of only 204 days (see [Fig. 4](#fig4){ref-type="fig"}). The prognostic relevance of circulating suPAR was further corroborated by uni- and multivariate Cox-regression analyses, including various clinical and pathophysiological confounders (see [Table 2](#tbl2){ref-type="table"}). Moreover, we established a predictive role of preoperative suPAR regarding the occurrence of postoperative AKI following extensive tumor resection. Finally, we could show that a high tumoral expression of uPAR, the membrane bound source of circulating suPAR, was also associated with an impaired postoperative outcome.

While the membrane bound plasminogen activator receptor (uPAR, CD87) is expressed on various cell types such as immune and epithelial cells,[@bib35] up to now there was only limited data on circulating suPAR in BTC. A high expression of uPA in human CCA tissue samples correlated with lymphatic invasion and metastasis and a high uPA/uPAR expression in CCA cell lines (HuCCA-1 and KKU-M213) was associated with increased invasiveness *in vitro*.[@bib18] Moreover, stromal expression of uPAR was linked to an invasive growth of cancer cells into the surrounding tissue in resected CCA tumor samples.[@bib36] In line with these findings arguing for a pro-malignant role of uPAR in BTC, we observed significantly impaired postoperative long-term survival in patients with relevant tumoral uPAR expression (IRS \>1) compared to patients with no relevant uPAR expression (IRS 0 or 1, see [Fig. 1](#fig1){ref-type="fig"}). In terms of a potential association between increased tumoral uPAR expression and elevated levels of circulating suPAR, experimental data suggest a positive correlation between the total tumor volume and plasma suPAR levels.[@bib37] We observed a strong trend towards higher suPAR serum levels in patients with a relevant tumoral uPAR expression (IRS \>1) in a smaller subset of patients with available uPAR and suPAR data (see [Fig. S1](#appsec1){ref-type="sec"}L). We also identified cholestasis and cholestasis-driven inflammation as drivers of elevated suPAR levels before tumor resection. Moreover, an upregulated shedding of uPAR was described for several tumor entities such as breast cancer,[@bib38] and was suggested to reflect increased inflammation[@bib39] which is commonly observed in BTC.[@bib40] We also observed higher suPAR serum levels in patients with poorly differentiated tumors (G3) compared to moderately differentiated tumors (G2), which might reflect the more inflammatory phenotype of poorly differentiated tumors and their microenvironment.[@bib41] Importantly, suPAR serum concentrations were significantly higher after tumor resection, suggesting that tumor-related uPAR expression did not represent the only source of circulating suPAR in patients with BTC. While patients with complete tumor resection (R~0~) had significantly lower postoperative suPAR levels compared to R~1~-resected patients, it is likely that elevated suPAR levels after tumor resection were also driven by postoperative inflammation, as well as impaired renal function after tumor resection. As such, postoperative suPAR levels correlated with pro-inflammatory cytokines such as IL-1β, TNF-α, CCL3 and IL-8 and patients who developed postoperative AKI had higher serum suPAR levels after surgery. Serum measurements at later timepoints are warranted to fully elucidate the longitudinal course of circulating suPAR after tumor resection. The molecular link between a high tumoral uPAR expression and/or elevated levels of circulating suPAR and a poor postoperative outcome remains unknown. It was demonstrated that uPAR influences the phosphorylation state and signaling activity of the epidermal growth factor receptor, thereby providing cancer cells with a proliferative advantage.[@bib42] Other data provided evidence that both uPAR and suPAR are capable of downregulating the tumor suppressor PTEN in endothelial cells to support angiogenesis.[@bib43] In our study, we found a positive correlation between initial suPAR levels and cytokines (CXCL5, CX3CL1 and IL-8) with a known pro-malignant function in BTC and other malignancies,[@bib26], [@bib27], [@bib28], [@bib29] suggesting that circulating suPAR might also reflect a more aggressive individual tumor biology. However, functional data in the context of BTC are still limited and further molecular studies are warranted to elucidate the underlying pathophysiology of increased uPAR/suPAR expression and impaired survival in patients with BTC.

Our data further support the predictive relevance of initial suPAR levels with respect to the occurrence of AKI after tumor resection. AKI represents a common postoperative complication after abdominal surgery and liver resection in particular and is associated with higher postoperative morbidity and mortality.[@bib44] The prediction of postoperative AKI, however, has remained challenging, and creatinine, the most established laboratory marker to monitor renal function, only has a limited potential to predict AKI.[@bib45] In our study, patients with preoperative suPAR levels above 4.03 ng/ml had a significantly higher likelihood of developing postoperative AKI. This finding is in line with previous studies arguing for a potential predictive function of suPAR for AKI following major abdominal or thoracic surgery,[@bib32] as well as for a chronic deterioration of renal function in patients with cardiovascular events.[@bib31] On a pathophysiological level, it was recently shown that uPAR/suPAR activates integrin *αvβ3* on glomerular podocytes leading to proteinuria and focal segmental glomerulosclerosis.[@bib46] Together, circulating suPAR could thus help to preoperatively identify certain patients with BTC who are susceptible to AKI after tumor resection. This could in turn trigger specific clinical measures such as perioperative liquid substitution to improve patient outcomes.

The clinical implementation of circulating biomarkers into patient selection algorithms has remained difficult and it is unlikely that a patient who was considered a surgical candidate based on imaging and his/her performance status is denied surgery because of an elevated preoperative suPAR level. We suggest that preoperative suPAR measurements might prove useful to identify a subgroup of high-risk patients with BTC that should be given particular attention, *e.g.* in terms of clinical measurement against postoperative AKI. One could discuss a more aggressive perioperative treatment for patients with high-risk BTC. While more aggressive adjuvant chemotherapy regimens are currently being investigated in clinical trials (*e.g.* ACTICCA trial, [NCT02170090](NCT02170090){#intref0015}), biomarkers such as suPAR might help to identify patients who would particularly benefit from perioperative treatment. Regarding a potential implementation of suPAR as a diagnostic marker, it should be stated that suPAR does not represent a specific marker for BTC but was also shown to be elevated in patients with other tumor entities[@bib14]^,^[@bib15] as well as non-malignant conditions.[@bib31]^,^[@bib47] We found elevated levels of suPAR in patients with PSC and no signs of malignant transformation. It is thus likely that suPAR might be implemented into diagnostic algorithms in combination with other markers rather than being used as a stand-alone screening parameter. As an example, we could show that the combination of suPAR and CA19-9 had a higher diagnostic sensitivity and specificity compared to either marker alone. However, before suPAR might become a diagnostic parameter in clinical routine, a standardized diagnostic cut-off value needs to be established and validated, as individual studies, including ours, have reported various cut-offs which are mainly due to differing suPAR serum levels in control populations.[@bib14]^,^[@bib15]

Our study has some limitations. Although the single center design of our study implicates a comparability of the 2 cohorts with respect to eligibility criteria and surgical procedures, this design warrants a confirmation in a multicenter approach. Moreover, our study did not include alternative treatment approaches such as chemotherapy or loco-regional therapies, but only investigated patients undergoing surgical resection of BTC. Thus, we cannot answer the decisive question regarding whether a patient with BTC and an initial suPAR serum level above our ideal prognostic cut-off value might have had a similar or even better outcome if treated differently. On a methodological level, our study lacks full-scale correlation analysis between tumoral uPAR expression and circulating suPAR levels, and the presented IHC data do not allow a reliable discrimination between uPAR expression in tumor, immune or stromal cells, which could be achieved using multiparameter staining in future analysis. Moreover, the control cohorts (healthy controls and patients with PSC) were not matched for age, sex or BMI. Thus, further multicenter clinical trials including different treatment modalities and larger patient numbers are needed to gain full insight into the pathophysiological and clinical importance of uPAR/suPAR in the context of BTC.
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[^1]: BMI, body mass index; BTC, biliary tract cancer; ECOG PS, Eastern Cooperative Oncology Group performance status.

[^2]: ALP, alkaline phosphatase; ALT, alanine aminotransferase; AST, aspartate aminotransferase; BMI, body mass index; CA19--9, carbohydrate antigen 19--9, CRP, C--reactive protein; ECOG PS, Eastern Cooperative Oncology Group performance status; GGT, gamma--glutamyltransferase; suPAR, soluble urokinase plasminogen activator receptor.
